Purpose To evaluate L5 nerve root injuries caused by outwardly misplaced S1 pedicle screws.
Introduction
Pedicle screws are widely used in spinal surgery. Numerous articles have reported the effectiveness of pedicle screws [1] [2] [3] [4] [5] [6] . However, pedicle screws that perforate the pedicle cortex may increase the risk of neurovascular complications [7] [8] [9] . In a systematic review, the accuracy with which pedicle screws were inserted using a free-hand technique was reported as from 69 to 100 %, which is lower than the accuracy obtained with fluoroscopic assistance or Computed tomography (CT) navigation [10, 11] .
Pedicle screws are still generally used to fuse L5-S1 in lumbosacral fixation for correction of lumbosacral instability [12] [13] [14] . Various methods for the insertion of sacral pedicle screws have been reported. Bicortical or tricortical methods that penetrate the anterior sacral cortex or cranial S1 endplate are evidently more stable than monocortical methods that penetrate the posterior cortex alone. However, these methods carry a risk of nerve or vascular injury in front of the sacrum when sacral pedicle screws are inserted inwardly [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Conversely, on the anterolateral side of the S1 sacral bone, L5 nerve roots are arranged from the center cranially to laterally and can be injured if an S1 pedicle screw is inserted outwardly and perforates the anterior cortex. Despite this risk of injury, to our knowledge there has been no previously published report of any L5 nerve root injury caused by an outwardly-inserted S1 pedicle screw perforating the anterior cortex of sacrum. Two cases in which the L5 spinal nerve was injured after insertion of S1 pedicle screws are currently reported, for which reinsertion was required in one case but not in the other.
Case 1
A 68-year-old man was diagnosed with spondylolisthesis and referred to our university hospital after a 4-month history of lower back pain and left unilateral L5 nerve impairment. His symptoms were severe, and L5 nerve root infiltration was ineffective and temporary. Preoperative radiographic evaluation indicated L4-5 canal stenosis and L5-S1 foraminal stenosis, and thus, L4-L5 posterolateral fusion and L5-S1 transforaminal lumbar interbody fusion (TLIF) were performed using a left total facetectomy with pedicle screws. All pedicle screws were inserted using a free-hand technique. Postoperative anteroposterior X-ray imaging showed bilateral S1 screws that were inserted outwardly. After surgery, preoperative symptoms had disappeared, but contralateral numbness and pain in the L5 area appeared on the day of surgery. An L5 nerve rootgraphy was performed using 1.0 ml of the contrast medium iotorolan (Schering). Both rootgraphy and the following computed tomography (CT) revealed that the right S1 pedicle screw passed diagonally against the pedicle medullary canal toward the far lateral side at an outward angle of 15°and penetrated 9.0 mm distant from the anterior cortex of the sacrum. The L5 nerve root was compressed laterally by the perforating S1 screw (Figs. 1, 2a, b) . Radicular pain disappeared immediately after infiltration of the L5 spinal nerve with lidocaine (1.5 ml of 1 % solution), but the effectiveness of this treatment was temporary and radicular pain gradually recurred within a few days. Symptoms were transiently improved in a conservative manner by three-time L5 spinal nerve infiltrations and daily oral medication with 180 mg of Loxoprofen. Symptoms remitted within 2 months and had not relapsed at the final follow-up, 1 year after surgery.
Case 2
A 62-year-old man was diagnosed with spondylolytic spondylolisthesis and referred to our university hospital after a 4-month history of lower back pain and left unilateral L5 nerve impairment. His symptoms had gradually increased. Preoperative images indicated a left L5-S1 foraminal stenosis, and L5-S1 TLIF was performed using a left total facetectomy with free hand-inserted pedicle screws. Immediately after surgery, contralateral lower leg pain and motor weakness appeared. Postoperative plain X-ray images showed bilateral L5 pedicle screws inserted outwardly. A right L5 selective rootgraphy using 1.0 ml of iotorolan indicated that the nerve root was pushed inwardly by a misplaced S1 screw (Fig. 3) , and CT after the right L5 rootgraphy indicated bilateral screws were not inserted through the pedicle and abutted the outer cortex of the vertebral body (Fig. 4a) . The right S1 screw was inserted 17°outwardly and penetrated 8.6 mm distant from the anterior cortex of the sacrum. The right L5 nerve root was encroached upon by the pedicle screw and the lateral side of the S1 endplate, without any remaining free space, effectively crushing the nerve between the screw threads and the sacral body. Postoperative symptoms disappeared temporarily after infiltrating the L5 nerve root with lidocaine (1.5 ml of 1 % solution), but completely recurred within an hour. The L5 radicular pain was uncontrollable, even with continuous oral or intravenous injection of opioids. We, therefore, reinserted the misplaced S1 pedicle screw 1 month after initial surgery. Symptoms improved immediately after reinsertion, and there was no relapse during a two-year follow-up (Fig. 4b) . 
Discussion
Pedicle screw fixation remains the standard method for correction of L5-S1 lumbosacral instability [12] [13] [14] . Bicortical or tricortical methods that penetrate the anterior sacral cortex or cranial S1 endplate are reported to provide stronger stability than monocortical methods that only penetrate the posterior cortex [15] [16] [17] [18] . It is generally agreed that medially oriented placement of S1 pedicle screws provides greater stability than either centrally or laterally oriented positions because the mean bone mineral density in the central region of the sacrum is approximately 30 to 60 % higher than that in the alar region [25, 26] . By contrast, several authors have recommended that placement of S1 pedicle screws in a central position should be avoided because of the risk this placement carries of damage to the iliac vessels, the sympathetic chain, and the lumbosacral trunk, which are all close to the sacrum [19] [20] [21] [22] [23] [24] . Therefore, from both biomechanical and anatomical points of view, it is recommended that S1 pedicle screws should be inserted inwardly with an acceptable angle reported as about 30°to 40°, almost the same as that of the S1 facet angle [27] [28] [29] [30] [31] . However, in general, S1 pedicle screws are inserted from a medial entry point with an outward angle, because of the prominent dorsal overhang of the posterior iliac crest and paravertebral muscle mass [30, [32] [33] [34] [35] . If screws are inserted outwardly, they risk causing an L5 spinal nerve injury, and thus, great care should be taken. The L5 nerve roots are arranged from centrally more cranially to laterally more posteriorly, so damage is anatomically possible. Moreover, Waikakul et al. [36] have reported that almost one-third of the L4 nerve roots join the L5 nerve roots at the level above the most anterior part of the sacroiliac joint, suggesting that an S1 pedicle screw could injure not only L5, but also L4 nerve roots. Nevertheless, apparently no previously published article has reported L5 or conjoined L4 and L5 nerve root injury induced by an S1 pedicle screw. Fig. 2 Computed tomography (CT) after the right L5 rootgraphy. a In the axial section, the right L5 nerve root is compressed laterally by the perforating S1 screw (white arrow heads). The right s1 pedicle screw passes diagonally against the pedicle medullary canal toward the far lateral side, at an outward angle of 15°and penetrates 9.0 mm distant from the anterior cortex of the sacrum. b In the coronal section, the L5 nerve root is compressed laterally by the perforating S1 screw (white arrow heads) Fig. 3 Right L5 selective rootgraphy using 1.0 ml of iotorolan shows that the nerve root is pushed inward by a misplaced S1 screw
To diagnose an L5 nerve injury caused by an S1 pedicle screw, selective nerve rootgraphy and infiltration of a minimum volume of lidocaine were effective. Symptoms were improved by conservative therapy in case 1 and neither case relapsed during the follow-up, so we believe that reinsertion is not always necessary. We found a difference in the morphology during L5 rootgraphy. In case 1, the L5 nerve root coursed outside of the S1 pedicle screw and there was space lateral to the screw. By contrast, in case 2 the L5 nerve root coursed inside of the S1 pedicle screw, crushed between the screw threads and the sacral body and was restrained from moving because no space was available. The difference in these findings may be one of the reasons for which the prognosis was different. In the two current cases, preoperative X-ray imaging did not reveal any severe degenerative scoliosis or rotation of vertebra; therefore, no radiological assistance (e.g., fluoroscopy, computed tomography, or navigation) was used. Surgeons should be alerted to the misplacement of S1 pedicle screws to avoid involvement not only anterior to the anteromedial neurovascular tissue, but also anterolateral to the arrangement of the L5 nerve root. If insertion proves difficult because of overlapping of surrounding muscle or bony tissue, confirmation of an accurate screw position with some radiological assistance should be made without hesitation to avoid neurovascular complications.
Conflict of interest None. were not inserted through the pedicle and abutted the outer cortex of the vertebral body. The right S1 screw was inserted 17°outwardly and penetrated 8.6 mm distant from the anterior cortex of the sacrum. The right L5 nerve root is crushed between the pedicle screw and the lateral side of the S1 endplate, without any space to move. b CT after reinsertion indicates that the right screw was reinserted with 4°medial inclination and anchored in the vertebral body
